High-resolution elemental mapping in a transmission electron microscope shows that the residual silver in dealloying-made nanoporous gold (NPG) is aggregated in nanoscale clusters. Kinetic Monte Carlo simulation confirms that these regions are buried relics of the master alloy that have never been exposed to corrosion. The surface of as-dealloyed NPG is covered by at least one atomic monolayer of nearly pure gold. The preferential location of silver in the bulk is relevant when interfaces control the material's function, as in catalysis and sensing. Annealing in air homogenizes the alloy by surface diffusion.
Introduction
Nanoporous gold (NPG) made by dealloying takes the form of a network of nanoscale struts or 'ligaments' that can be prepared in macroscopic dimensions yet with characteristic ligament sizes, L, reaching down to the lower nanometer scale [1] . The uniformity of the network microstructure, along with the option of reproducibly selecting L between few nm and microns, makes the material an attractive model system for studies of size and interface effects in nanomaterials. This is exemplified by many recent studies of NPG in the field of smallscale plasticity and elasticity [2] [3] [4] [5] [6] [7] [8] [9] . Interest is also on the use of NPG as a functional material, for instance in the fields of actuation or sensing [10] [11] [12] [13] [14] , energy storage [15] , optics [16] [17] [18] and microfluidics [19] . Particularly intriguing is the high activity of NPG as a heterogeneous catalyst [16, 20, 21] , since classic observations of Au as a catalyst focus on oxide-supported nanoparticles. The standard approach for making NPG is by dealloying, that is, by selectively dissolving Ag from an Ag-Au solid solution via controlled corrosion. As the master alloy is uniform, the nanoscale structure forms by the interplay of the elementary processes at the corrosion front, Ag dissolution and Au surface diffusion [1, 22] . Samples of NPG typically contain in the order of 5 at.-% 'residual' Ag. The role of the silver for the materials performance is emphasized in the literature. Its impact on the elastic properties has been highlighted [23] , yet details of the elastic behavior of NPG remain the subject of debate [9] . Silver also affects the stacking fault energy and, thereby, the nature (full or partial) of the lattice dislocations that carry the plastic deformation and that decide which of the conflicting scenarios applies: small-scale strengthening by dislocation starvation [24, 25] or dislocation interaction and Taylor work hardening [26, 27] . Surface-enhanced Raman scattering (SERS) of NPG is also significantly affected by the residual Ag [11] . Furthermore, the role of residual Ag for the catalytic properties of NPG is under debate [28] [29] [30] [31] [32] [33] .
In each of the above instances, the spatial distribution of the residual Ag can be decisive. Here, we discuss this issue based on high-resolution elemental mapping in a transmission electron microscope, supported by kinetic Monte Carlo (KMC) simulation of dealloying. We find that a major part of the residual Ag in as-dealloyed NPG is aggregated in buried silver-rich clusters. We point out that this finding is, in fact, a natural consequence of the standard model of microstructure evolution during dealloying.
Methods
Ag and Au, at ratio Ag 75 Au 25 (subscripts: at.-%), were alloyed by arc-melting, sealed in fused silica and annealed for 100 h at 850 • C for homogenization. Wire drawing and cutting to mm-size dimensions were followed by a recovery anneal in vacuum, 3 h at 650 • C. Dealloying of the samples for transmission electron microscopy (TEM) followed the protocol of Wang et al. [34] (denoted as route A) using 1 M HClO 4 at potential 0.75 V versus a Ag/AgCl pseudo-reference electrode in the same solution. After the current decreased to below 10 µA, the applied potential was held at 0.85 V for 3 h for further Ag removal. An alternative dealloying method (route B) followed the protocol of Wittstock et al. [28] , with corrosion in 5 M HNO 3 at potential 0.06 V versus a Pt pseudo-reference electrode. Durations varied between 6 and 24 h.
Samples for TEM were vacuum impregnated with epoxy resin and cured (20 min at 60 • C) as in [34] . Electron-transparent slices were cut with an EM UC7 ultramicrotome (Leica). After trimming, the block face with a Trim 45 knife (Diatome) to an area of roughly 1 mm 2 , 30-170 nm thin slices were cut using an Ultra 35 knife at 0.6 mm/s in order to minimize stress. Slices were then transferred to a 400 mesh copper folding grid.
An FEI Talos F200X transmission electron microscope equipped with a high brightness Schottky-FEG (X-FEG) and a four-quadrant SDD-EDS System with a solid angle of 0.9 srad was used for high-angle annular dark-field (HAADF) imaging and energy-dispersive xray spectroscopy (EDS) analysis. Spectrum images (SI) for quantification of Ag and Au were acquired using a probe current of 0.4 nA and a dwell time of 20 µs per pixel. Total acquisition time was 12 h for an SI of 512 × 512 pixels, 0.7 nm in size, resulting in a horizontal field of view of 384 nm. Esprit 1.9 (Bruker) was used for data acquisition and quantification.
The tilt series for tomographic reconstruction was composed of 66 SI (from +65 • to −65 • with a spacing of 2 • ) of a 70 nm ultramicrotomy slice, acquired using a tomography specimen holder (Fischione 2020). The probe current was 0.8 nA and the dwell time 20 µs per pixel. The resolution of the SI was 256 × 256 pixels with a pixel size of 1.5 nm, resulting in a horizontal field of view of 384 nm. The SI were denoised via principal component analysis on the whole spectrum image data set using Hyperspy [35] . For volume reconstruction and visualization, Inspect3D 4.1.1 (FEI) and Avizo 9.0.0 (FEI) were used, respectively.
Our KMC simulation of dealloying is an implementation of the algorithm by Erlebacher [22] , using the identical materials parameters and rate terms. The simulation tracks the evolution of a random binary solution of Ag and Au on a face-centered cubic lattice, allowing for two elementary events in the ensemble of surface atoms, while all other atoms are inert. Event 1 models surface diffusion by the nearest-neighbor jump of an Au or Ag atom, with the diffusion rate
The symbols denote: ν D -Debye frequency (10 13 s −1 ), n-initial site coordination, E b -bond energy (here −0.15 eV), T-temperature, and k B -Boltzmann constant. Event 2 models dissolution by the removal of an Ag atom, with the rate k diss = ν E exp((nE b + e )/k B T). The prefactor, ν E = 10 4 s −1 , is related to the exchange current density for Ag dissolution, e denotes the elementary charge and parameterizes the electrode potential, see [22] . Our implementation uses the Hoshen-Kopelman cluster method [36] for identifying atoms with at least one neighbor from the largest vacancy cluster, which form the (open pore) surface ensemble. Dissolution is restricted to surface atoms with a sufficiently open neighborhood, which requires adjacent planar vacancy clusters with at least three vacancies. Furthermore, diffusion is restricted to target sites with at least three neighbor atoms. In particular, this prevents regular Schwöbel jumps.
The simulation was performed on a cuboid sample of initial composition Ag 75 Au 25 , 100 × 100 atoms in lateral size and 90 {111} layers thick, using periodic boundary conditions in the plane. We found that setting = 1.14 V resulted in sufficiently fast kinetics to allow following the corrosion through its initial stages and a significant coarsening regime. The open-source software ovito [37] was used for visualization.
Results and discussion
Our TEM study focused on samples made by route A, which is adopted by many studies requiring NPG with optimum mechanical behavior. Supplementary data came from samples made by route B, which affords Figure 2(a) , along with the overlay of both. The remarkable observation is that the structure is dominated by regions of (almost) pure Au, while most Ag is located in Ag-rich clusters. Local EDS quantification suggests x Ag = 0.0081 ± 0.0008 in the silver-depleted regions and the much higher x Ag = 0.50 ± 0.06 in the silver-rich regions. As regions may overlap, the true x Ag in the clusters likely exceeds 0.5.
The right column of Figure 2 summarizes the TEM data of a 170-nm-thick slice of NPG which was coarsened to L = 150 nm by annealing for 30 min at 300 • C in air. The large L, along with the high atomic number of Au, entails considerable absorption for both, the electron beam and the x-rays. This absorption effect contributes to the contrast in the HAADF image. To minimize the error in EDS quantification due to absorbtion, Ag-K photons (22.16 keV) were used instead of the more familiar Ag-L ones (2.98 keV). The mean silver fraction emerged as x Ag = 0.052 ± 0.003. This agrees with the mean x Ag in the as-dealloyed material, consistent with the notion that annealing leaves the Ag fraction invariant. The key observation is that the Ag distribution in the annealed sample appears homogeneous, in striking contrast to the clustering in the as-dealloyed sample.
Our study advertises three observations: First, during dealloying the net amount of residual Ag consistently decreases as the ligament size increases over time. Second, Ag is aggregated in discrete, three-dimensional regions or 'clusters'. Third, coarsening without corrosion-as in the annealing treatment-homogenizes the Ag distribution. We now argue that these observations are perfectly natural in view of the established atomicscale mechanisms of dealloying, as they are implemented in our KMC approach. Figure 3 (a-d) illustrates our simulation results by means of snapshots after different times of dealloying at T = 300 K. Starting out from the planar surface of the master alloy (Figure 3(a) ), corrosion roughens the surface while, at the same time, enriching the walls of the emerging pore channels in Au (Figure 3(b) ). Bifurcation opens new channels, thereby establishing the characteristic microstructural length-scale of the network structure. In Figure 3(c) , the corrosion has penetrated the entire simulation box. The surfaces of this initial network tend to be covered (and passivated) by a single atomic monolayer of Au. Consequently, the interior of the ligaments is screened from corrosion and so retains the composition of the master alloy. Indeed, the net residual Ag fraction at this stage remains as high as 0.40.
Sustained exposure to corrosive conditions, as in typical dealloying experiments, leads to curvature-driven coarsening by surface diffusion. The coarsening can be perceived in Figure 3(d) . Here, some of the original ligaments have been consumed, and aggregation of the Au on the surviving ligaments has increased the mean L by roughly 50%. The network now exhibits more extended regions of pure gold. As Ag that was exposed at the surface during coarsening has been dissolved, the net Ag fraction has decreased to 0.20. All residual silver is located in relics of the original master alloy that have not yet been exposed to corrosion. The local silver fraction in those regions remains that of the master alloy.
The mean ligament size of NPG increases with time, t, as t 1/4 [38, 39] , and eventually the growth will be so slow that the mean structure size can be considered stationary for practical purposes; it is this state of the material that is investigated in many experimental studies of NPG as structural or functional material. Even though our simulation did not reach the time frame required for coarsening to a realistic ligament size, comparing the simulated structure in Figure 3(d) to the TEM images in Figure 2 (a-d) reveals close agreement in microstructural geometry. Most significantly, both approaches show the heterogeneous distribution of Ag. Figure 4 (a) shows a tomographic reconstruction of the as-dealloyed material, based on EDS data. The 3D representation strikingly illustrates the Ag-rich clusters embedded in Au-rich ligaments. Comparison of slices cut from experimental reconstruction (Figure 4(b) ) and simulation (Figure 4(c) ) further emphasizes the agreement between the two approaches. The TEM data of Figure 4 suggest that some Ag clusters may be connected to the surface. Yet, with a voxel size of 1.5 nm 3 , the reconstruction would not resolve the Au-rich superficial atomic monolayers that isolate the clusters from the surface in the simulation. As these layers are required for passivating the surface and conserving the clusters, the combination of experiment and simulation points strongly towards their presence.
With an eye on the experimental results for the annealed samples, we have also simulated annealing via KMC. Starting with the structure of Figure 3(c) , Ag dissolution was switched off and the simulation run at T = 675 K until L had roughly doubled. Figure 3 (e) shows that Ag is now almost uniformly distributed throughout the entire solid, and specifically Ag atoms are now also found at the surface. Thus, the simulation and the elemental map of Figure 2 (h) independently confirm that annealing homogenizes the silver distribution in NPG. Note that the simulation here considers surface diffusion as the only active mechanism.
The neglect of bulk diffusion in our discussion is of relevance, since that process would (A) homogenize the alloy and (B) promote Ag dissolution independent of coarsening, in conflict with our observations of Ag clustering and of a correlation between x Ag and L. Bulk diffusion can be a relevant process in dealloying at high homologous temperature [40] . Yet, for Ag-Au near room temperature conventional bulk diffusion is so much slower than surface diffusion that any significant contribution to microstructure evolution can, indeed, be ruled out [40, 41] . In their discussion of the shrinkage of NPG at high dealloying potentials, Jin and coworkers advertise the possibility of vacancy injection at the corrosion front and the role of its consequence, accelerated bulk diffusion, for dealloying [42] . Our simulation disregards bulk diffusion and so does not explore this mechanism. Yet, the agreement of the simulation results with our TEM observations supports surface diffusion as the controlling transport mechanism under the conditions of the present experiment.
The homogenization of the Ag distribution by ex situ coarsening has been confirmed before [11] . A silver-rich surface segregation layer might also be formed, particularly during coarsening in air, since oxygen binds more strongly to Ag than to Au, thereby promoting Ag enrichment at the surface. The resolution of our TEM data is insufficient for discussing the local Ag fraction in the surface atomic layers. Yet, in as much as as-prepared NPG-that is, the NPG with small ligament size which is the object of most studies in the field-is concerned, our study suggests that the major part of the net Ag fraction is buried in clusters and is thus not available for influencing the chemistry at the surface. Furthermore, our simulation confirms that the corrosive environment during dealloying removes essentially all Ag from the surface. Claims of a decisive role of Ag for the catalytic activity might need to be reconsidered from that perspective. Similarly, if Ag is enriched in clusters it follows that most regions of the bulk crystal lattice contain substantially lesser Ag than suggested by the net Ag fraction. This implies that the effect of Ag in reducing the stacking fault energy in Au is not exploited. Studies of dislocation plasticity of NPG may, therefore, need to consider the comparatively high stacking fault energy of pure Au, not the reduced value in the alloy.
Our results support and illustrate the notion, advertised in [42] , of dealloying as a two-stage process. The primary dealloying establishes a 3D porous structure, in which the ligaments are passivated by Au-rich layers while their core retains the composition of the master alloy. This state, which is illustrated by our Figure 3(c) , retains a high residual Ag fraction. Under the conditions of our study, coarsening behind the corrosion front goes along with further removal of Ag and with the growth of Au-rich regions. This process exemplifies secondary dealloying and leads to structures such as our Figure 4 . Interestingly, the size of the surviving Ag-rich clusters, which are revealed in our study, provides a signature of the structure size established during the primary dealloying. This initial structure size is relevant for our understanding of the mechanisms of dealloying, yet it is difficult to observe by other means. Systematic studies of silver clusters sizes formed under different corrosion conditions might thus be an interesting subject for future experiments.
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